Lung adenocarcinoma (LUAD) remains the leading cause of cancer-related deaths worldwide. Increasing evidence suggests that circular RNAs (circRNAs) and long non-coding RNAs (lncRNAs) can regulate target gene expression and participate in tumor genesis and progression. However, hub driving genes and regulators playing a potential role in LUAD progression have not been fully elucidated yet. Based on data from The Cancer Genome Atlas database, 2837 differentially expressed genes, 741 DE-regulators were screened by comparing cancer tissues with paracancerous tissues. Then, 651 hub driving genes were selected by the topological relation of the protein-protein interaction network. Also, the target genes of DE-regulators were identified. Moreover, a key gene set containing 65 genes was obtained from the hub driving genes and target genes intersection. Subsequently, 183 hub regulators were selected based on the analysis of node degree in the ceRNA network. Next, a comprehensive analysis of the subgroups and Wnt, mTOR, and MAPK signaling pathways was conducted to understand enrichment of the subgroups. Survival analysis and a receiver operating characteristic curve analysis were further used to screen for the key genes and regulators. Furthermore, we verified key molecules based on external database, LRRK2, PECAM1, EPAS1, LDB2, and HOXA11-AS showed good results. LRRK2 was further identified as promising biomarker associated with CNV alteration and various immune cells' infiltration levels in LUAD. Overall, the present study provided a novel perspective and insight into hub driving genes and regulators in LUAD, suggesting that the identified signature could serve as an independent prognostic biomarker.
Introduction
In both sexes, lung cancer is one of the most common malignancies and the first leading cause of cancer-related death worldwide [1] . Despite advances in cancer therapy, the 5-year survival rate of lung cancer is only 19% [2] . Notably, 70% of lung cancer patients have locally advanced or metastatic disease at the time of diagnosis, which leaves a small window for early detection or treatment [3] . LUAD, as the most common type of lung cancer, causes a great deal of concern. Therefore, it is necessary to identify molecular markers associated with patient survival that may contribute to the development of gene-targeted therapeutic approaches.
Numerous studies demonstrate that dysregulated non-coding RNAs are essential for the initiation and progression of lung cancer. LncRNAs are non-coding RNAs ranging in length from 200 nucleotides to 100 kb, which hold substantial promise as novel biomarkers and therapeutic targets for cancer [4] . Meanwhile, circRNAs are closed loop structures without a 5 cap or a 3 Poly A tail. Similarly, circRNAs are also regarded as a potential molecular marker that may serve in the diagnosis and treatment of the disease, as it may play an essential role in the initiation and progression of tumors [5] . Recently, Salmena et al. proposed that mRNAs, lncRNAs, and circRNAs may regulate the expression of each other by targeting miRNAs [6] . Therefore, investigating the hub driving regulators (circRNAs, lncRNAs) is helpful to further explore the regulatory network in the progression of LUAD.
TCGA is a publicly available dataset that provides many types of genomic data [7] . For instance, Liu et al. identified a circRNA signature as a potential noninvasive biomarker for LUAD diagnosis based on TCGA-LUAD data [8] . In our study, we focused on combining the PPI network and the subgroup analysis based on the ceRNA network to explore the regulatory relationship between hub genes and regulators. In total, our research aims to systematically incorporate genes, lncRNAs, circRNAs, and miRNAs to build a co-expression network, and combine the results of subgroup analysis with survival analysis to narrow the range of valuable genes and regulators. Furthermore, external validation was used for verification and further exploration of the hub gene, Leucine-rich repeat kinase-2 (LRRK2) (Figure 1 ).
Methods and materials Data source and pre-processing
The foundation data of LUAD were obtained from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/), including transcriptome profiling and clinical information of the patients. Specifically, the present study contained 585 patients with LUAD and 515 RNA-sequencing (RNA-seq) data. GENECODE (https://www.gencodegenes.org/) was used to annotate RNAs in the original transcriptome profiling, and a total of 16,906 genes, 187 lncRNAs, and 9810 miRNAs were annotated. The external dataset used for validation was from the Gene Expression Omnibus (GEO) database, searched for paired sample items and GSE18842 contained 44 tumor samples and 44 paired non-tumor samples was selected.
Differentially expression analysis
By judging whether there were biological replicates, the transcriptome data from TCGA was subjected to normalization with the method of DESeq in the DESeq2 R package [9] and the method of the trimmed mean of M-values (TMM) in the edgeR R package [10] . In addition, to avoid a low abundance impact on the next procedure, RNAs with an FPKM value of <1 were excluded. After that, differential expression analysis of items with biological replicates was performed using the DESeq2 package and differential expression analysis of non-biologically replicated items using the edgeR package. Meanwhile, the false discovery rate (FDR) [11] adjusted P < 0.05 and | logFC | > 0 were used as criteria to distinguish between cancer and normal groups. A heatmap was plotted using the pheatmap R package [12] .
Functional enrichment analysis of gene ontology and KEGG pathways
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses and Gene Ontology (GO) functional enrichment analyses were performed using the clusterProfiler R package [13] . A P-value of less than 0.05 was considered to represent a statistically significant enrichment of DEGs in pathways. Similarly, functional categories with P < 0.05 were considered significant. prognostic value of overall survival for LUAD patients, and prognosis-related genes and regulators were identified using the cut-off of P < 0.05. Then, ROC curve analysis and the area under the ROC curve (AUC) performed using the pROC R package [20] were used to assess the diagnostic value of the above genes and regulators.
Gene Set Enrichment Analysis (GSEA)
First, low and high LRRK2 groups were divided based on the median expression level of LRRK2 in LUAD. Then, the limma R package [21] was used to perform differential expression analysis between low and high LRRK2 groups. Next, GSEA was performed based on the ordered list of all genes according to the logFC value using the clusterProfiler R package. Gene set permutations were performed 1000 times for each analysis. P-value < 0.05 was set as a significant enrichment criterion.
Verification based on external databases
To improve the reliability of genes and regulators as independent prognostic signatures, GSE18842 was used to verify expression levels between paired samples, and the ggplot2 R package (https://ggplot2.tidyverse.org/) was used to perform the boxplot, the pROC R package was used to perform the ROC curve analysis. Further, the OSluca (http: //bioinfo.henu.edu.cn/LUCA/LUCAList.jsp) database was used to verify the survival results of the prognosis-related genes based on several datasets from GEO. Moreover, lnCAR [22] was used to assess the reliability of lncRNAs. Mutation and copy number variation (CNV) in LUAD were analyzed using the cBioPortal tool [23] . TIMER database [24] was analyzed to search for a correlation of LRRK2 expression with tumor purity and the abundance of immune infiltrates in LUAD.
Results

Identification of DEGs and DE-regulators
Principal component analysis (PCA) was used to assess differences between groups and sample replicates within the group. The PCA result of the transcriptome data is shown in Supplementary Figure S1A , tumor tissues and normal tissues were divided into two clusters. Simultaneously, DEGs were analyzed using the DESeq2 and edgeR packages. Using P < 0.05 and |logFC| ≥ 0 as the cut-off criteria, 2837 DEGs (1757 up-regulated and 1080 down-regulated; Supplementary Table S1 ), 723 DEcircRNAs (615 up-regulated and 108 down-regulated; Supplementary Table S2 ), and 18 DElncRNAs (8 up-regulated and 10 down-regulated; Supplementary Table S3 ) were identified by comparing LUAD and normal adjunct tissues. Next, the pheatmap R package was used to perform DEG cluster analysis and for generating a heat map with gene expression level value log10 (FPKM+1) (Supplementary Figure S1B ).
KEGG pathway enrichment analysis of DEGs and protein-protein network construction
To gain insight into the underlying biological processes and pathways associated with DEGs, we performed the KEGG pathway analysis. KEGG pathway analysis revealed that DEGs in LUAD were related to many essential pathways in cancer pathogenesis, such as the MAPK pathway, ErbB pathway, calcium signaling pathway, Wnt pathway, and mTOR pathway (Supplementary Figure S2 and Table S4 ). Moreover, based on the DEGs, the protein-protein network was also constructed using the STRING database (Supplementary Figure S3 ).
Identification of hub driving genes and functional pathway enrichment analyses
The top DEGs were further screened following the topological relation of the network. The size of the node in the interaction network graph was proportional to the degree of the node. That is, the more edges connected to the nodes, the higher the degree, the larger the nodes, and these nodes may be at the core of the network. Thus, degree > 3 was set as the criteria, 651 hub driving genes were screened and identified according to the degree of each node in the PPI network ( Supplementary Table S5 ). We then used the clusterProfiler R package to perform KEGG pathways and GO enrichment analyses of the identified hub driving genes ( Supplementary Table S6 ). In GO functional enrichment analysis, the hub driving genes that were significantly enriched included regulation of mitotic cell cycle phase transition, small GTPase mediated signal transduction, regulation of cell morphogenesis, and post-transcriptional regulation of gene expression (Supplementary Figure S4A ). In the KEGG analysis, hub driving genes were significantly enriched in the well-known cancer-related pathways, such as mTOR, MAPK, ErbB signaling pathways, cell cycle, and non-small cell lung cancer (Supplementary Figure S4B ).
Construction of the ceRNA Network base on miRNA, lncRNA and circRNA interaction
In order to systematically explore the effect of dynamic changes in ceRNA on LUAD-related genes, the ceRNA network comprising lncRNAs, circRNAs, miRNAs, and genes was constructed. First, using TargetScan and miRanda to predict the interaction of circRNA-miRNA, 644359 potential lncRNA-miRNA pairs were formed. Similarly, 11255 potential lncRNA-miRNA pairs were matched based on StarBase. Next, the potential interaction of mRNA and lncRNA, mRNA and lncRNA were predicted based on known circRNA-miRNA and lncRNA-miRNA pairs. In total, and based on the previous results of KEGG and GO analyses of hub driving genes and the aforementioned predictions, the ceRNA network was then constructed and it contained 502 genes, 323 miRNAs, 1009 circRNAs and 393 lncRNAs (Supplementary Figure S5 ).
Identification of target genes of DE-regulators and functional pathway enrichment analyses
In order to further elucidate the possible biological functions of DE-regulators, target genes of DE-regulators (Supplementary Tables S2 and S3 ) were aggregated into a target set ( Supplementary Table S7 ). The target set was then analyzed for function and pathway enrichment to observe the functions and pathways regulated by the DE-regulators. The result was as follows (Supplementary Figure S6 and Table S8 ), these target genes are related to many crucial pathways in cancer pathogenesis, such as Wnt, PI3K-Akt and other KEGG signaling pathways. Not only that, they also participated in many biological processes, such as lung epithelial cell differentiation.
Relationship of target genes and hub driving genes
The target genes of DE-regulators ( Supplementary Table S7 ) were mapped to hub driving genes to obtain the intersection of the two (Figure 2A) , and the 65 genes obtained were called the key gene set. As shown in the Circos diagram ( Figure 2B ), each arc represented the identity of each gene list externally. Moreover, internally, each arc represented a list of genes, where each gene was a dot on the arc. Dark orange represented genes that were common to both lists, which were called the key gene set (Table 1 ). Furthermore, light orange represented genes that were unique to both lists. The same genes shared by the two gene lists were linked by purple lines. The blue lines connected different genes to the same biological process, which indicated the amount of functional overlap between hub driving genes and the target set. Consequently, the greater the number of purple links, and the longer the dark orange arc, the more overlap there was between the hub driving genes and the target set.
Identification of hub regulators through degree analysis of nodes
Based on the ceRNA network and the results of the functional analysis of hub driving genes, the key genes that enriched in the Wnt, mTOR, and MAPK signaling pathways were picked as subgroup analysis because these signaling pathways were more closely related to cancer and more typical. Then, the criteria for mRNA filtration included logFC in mRNA expression > 1, P-value < 0.05, and the presence of reverse expression levels with miRNA. The subgroup contained 12 genes, 2 miRNAs, 169 circRNAs, and 14 lncRNAs ( Figure 3A ; Supplementary Table S9 ). Therefore, 183 hub regulators (169 circRNAa, 14 lncRNAs) were obtained. Through the co-expression network, we could see that both lncRNA and circRNA were involved in the formation of LUAD, and many circRNAs or genes were regulated by lncRNA and miRNA. In order to narrow down the range of genes of interest, a list of genes interacting with hub regulators was selected from the miRNA-lncRNA, miRNA-mRNA, and circRNA-miRNA interaction pairs, and a total of 17 target genes were obtained (Table 2) , which were called key target genes ( Figure 3B ). The regulation of key target genes and target genes are shown in Figure 3C .
Functional and pathway analyses of the key gene set and key target genes
First, LRRK2 and GPC3 were obtained by taking the intersection of the key gene set and key target genes ( Figure  4A ). In order to confirm the reliability of the intersection genes, we performed KEGG pathway and GO analyses of the key gene set ( Supplementary Table S10 ). As shown in Figure 4B , key gene set was not only involved in critical cancer-related pathways, such as the Wnt signaling pathway and the PI3K-Akt signaling pathway, as well as in many biological processes, including cancer transcription disorders, and histone phosphorylation. Meanwhile, the key target genes were similarly enriched in the PI3K-Akt signaling pathway, Wnt signaling pathway and some lung-related GO terms ( Figure 4C and Supplementary Table S11 ).
Survival analysis and ROC curve analysis
First, two genes were selected by taking the intersection of the key gene set and the key target genes. Then, by combining the ceRNA network, the results of the subgroup analysis and Wnt, mTOR, MAPK signaling pathways enrichment, 14 circRNAs, 20 lncRNAs, and 9 miRNAs were obtained for survival analysis verification (Table 3) . Further, the Kaplan-Meier database was used to assess the prognostic value of overall survival for LUAD patients, and screening was performed at P < 0.05, analysis of overall survival revealed that RNAs with prognostic values in LUAD were: one gene, two lncRNAs, and six host genes of circRNAs ( Figure 5 and Table 4 ).
As the analysis of the differential expression and the KM curve showed, HOXA11-AS and SLC38A3 presented high expression and poor prognosis in LUAD progression, which indicated that lncRNA HOXA11-AS and SLC38A3 might promote the process of LUAD, leading to a significant reduction in survival time. Conversely, LRRK2, the host genes of hsa circRNA 349537, hsa circRNA 41504, hsa circRNA 48036, hsa circRNA 357777, hsa circRNA 47867 and hsa circRNA 62215, respectively, showed high expression and good prognosis. This suggests a potential protective role against cancer pathogenicity. Finally, ROC curve analysis was used to investigate the diagnostic value of the Figure S7) . 
Verification based on external database and further exploration of LRRK2
Base on the prognosis-related genes and the host genes of circRNAs, we specifically selected the paired samples item GSE18842 for verification. In 88 paired samples, LRRK2, PECAM1, EPAS1, and LDB2 showed significant low expression in tumor samples, which was consistent with previous results (Figure 6A-D) . Meanwhile, they showed good diagnostic value with AUC > 0.9 in ROC curve analysis ( Figure 6E-H) . Furthermore, they also showed high expression and good prognosis in GSE41271, GSE4573, GSE68465 datasets ( Figure 6I-L) . As for the lncRNA, HOXA11-AS showed significant high in tumor group, high grade group, and high stage group ( Figure 7A-C) , presenting high expression and poor prognosis ( Figure 7D ). Then, we looked to investigate LRRK2 for mutations and immune immersion. We used the OncoPrint in cBio-Portal to determine the types and frequency of LRRK2 alterations in LUAD. LRRK2 was altered in 49 of 503 (10%) LUAD patients ( Figure 8A ). In addition, compared with the diploid group, deep deletion, shallow deletion, and gain group had lower LRRK2 expression levels ( Figure 8B) . Then, the frequency distribution of LRRK2 CNV patients in different stage groups was presented in Figure 8C , indicating the high occurrence of LRRK2 CNV alteration in LUAD. Next, as shown in Figure 8D ,E, several interesting pathways were enriched, such as the chemokine signaling pathway, glycolysis/gluconeogenesis, MAPK signaling pathway, and the Ras signaling pathway. Notably, GSEA results showed immune-related GO terms including neutrophil activation that is involved in immune responses, positive regulation of T-cell activation, regulation of B-cell proliferation, and regulation of macrophage activation. Therefore, we investigated whether LRRK2 expression was correlated with immune infiltration levels in LUAD using TIMER database. The results showed that LRRK2 expression had significant correlations with tumor purity (r = −0.172, P = 1.28E-04) and significant correlations with various immune cells infiltration levels ( Figure 8F ). Mainly, LRRK2 CNV had significant correlations with infiltrating levels of B cells, CD4+ T cells, macrophages, and dendritic cells ( Figure 8G ).
Discussion
Abnormal expression of non-coding RNAs has been widely observed in various diseases, and studies have shown that non-coding RNAs are essential biological functional regulators in cancer progression [25] [26] [27] . However, only a few studies systematically investigate the role and relationship of hub driving genes and regulators by co-expression network analysis. Furthermore, the introduction of the ceRNA hypothesis makes the interaction between lncRNA, circRNA, miRNA, and mRNA more reliable and necessary. In the present study, we identified hub-driving genes, lncRNAs and circRNAs from the TCGA database. First, we identified several DEGs in cancer-related signaling pathways (Wnt, mTOR, MAPK signaling pathways) in the KEGG results, and based on these signaling pathways we screened the relevant molecules in the ceRNA network to build subgroups. Numerous re-searches indicated that Wnt signaling substantially impacted non-small cell lung cancer (NSCLC) tumorigenesis, prognosis, and resistance to therapy, with loss of Wnt signaling inhibitors by promoter hypermethylation appearing to be particularly crucial [28] . Moreover, it hasalso proved that MAPK signal amplification indeed promoted the rapid progression of established adenomas to malignant adenocarcinomas [29] . Interestingly, cell senescence in COPD has been linked to mTOR activation as well as in cancer [30] .
The key gene set contained 65 genes and was the intersection of hub driving genes and target genes of DE-regulators. At the same time, KEGG and GO enrichment analyses also showed that key genes were not only involved in critical cancer-related pathways, such as Wnt signaling pathways and PI3K-Akt signaling pathways [31, 32] , they were also involved in many biological processes, such as cancer transcription disorders and histone phosphorylation. Through the continuous screening of the key gene set, some special cancer genes were identified. Nonetheless, even among the unselected genes, there were some well-known cancer-related genes, including TOP2A, as its interacting proteins, and its modified abnormal alterations may play an important role in CIN in human cancers [33] . Moreover, it has been reported that the high expression of NCAPH in tumor tissues of patients with colon cancer had a significantly better prognosis and survival rate than patients with low expression [34] . As for the intersection of the key gene set and key target genes, it is noteworthy that although GPC3 had not been used as the final independent prognostic indicator, it also confirmed the GPC3 over-expression in a variety of cancers [35] . LRRK2 was amplified and overexpressed in papillary renal and thyroid carcinomas in the study [36] . Moreover, they also confirmed that the down-regulation of LRRK2 in cultured tumor cells compromises MET activation and selectively reduces downstream MET signaling to mTOR and STAT3. Similarly, LRRK2 also showed anti-carcinogenic activities in the study by Jiang et al. [37] , which coincided with our analysis in LUAD. With the further exploration of LRRK2, it is noteworthy that LRRK2 CNV alteration showed high incidence and LRRK2 was correlated with various immune cells' infiltration levels, which provided multiple levels of evidence for the importance of LRRK2 in LUAD and also made LRRK2 more reliable as an independent prognostic signature.
Among the lncRNAs, although HCG18 had not been selected, it was found that lncRNA HCG18 suppressed the bladder cancer progression by cooperating with NOTCH1 and miR-34c-5p [38] . Over-expression of lncRNA SLC38A3 may promote LUAD progression leading to poor prognosis according to our study, which was similar with the study of Wang et al. in NSCLC [39] . Wang et al. confirmed that SLC38A3 activated PDK1/AKT signaling and promoted metastasis of NSCLC through regulating glutamine and histidine transport. As for our concerned lncRNA, HOXA11-AS also predicted poor prognosis in NSCLC, which could promote cell epithelial-mesenchymal transition by inhibiting miR-200b expression in NSCLC [40] . HOXA11-AS, which is a well-known marker in cancer pathogenesis further supported the selection of hub driving regulators [41] . Moreover, HOXA11-AS was significantly high in tumor group, high grade group, and high stage group, presenting high expression and poor prognosis, which indicated that HOXA11-AS might be associated with tumor metastasis.
In previous research, the role and mechanism of selected circRNAs had not been proven, however, it was through the research and verification of their host genes, that it was found that they may exist as protective factors in LUAD, which opened avenues for clinical research. Among the host genes in our study, some had previously been identified by cancer-related institutes. For instance, PECAM1 was suggested as an independent prognostic factor in clear cell renal cell carcinoma [42] . Meanwhile, the method of studying circRNAs' host gene had been used by many studies. Zhou et al. revealed the regulatory mechanism circ-ENO1 on its host gene ENO1 and its function in glycolysis and tumor progression, and identified circ-ENO1 as a treatment target in LUAD [43] . CircITGA7 has been shown to inhibit the proliferation and metastasis of colorectal cancer cells by inhibiting the Ras signaling pathway and promoting the transcription of the host gene ITGA7 [44] . At the same time, with further research into circRNA in cancer, the potential function of these markers may be discovered. For example, it had been reported that hsa circ 100395 regulated lung cancer cell proliferation, migration and invasion through modulating the miR-1228/TCF21 pathway [45] . Nan et al. revealed that circNOL10 could affect mitochondrial function through regulating the humanin polypeptide family and subsequently affect multiple signaling pathways, ultimately inhibiting lung cancer development [46] .
Our findings provided new insights into a better understanding of the ceRNA network associated with non-coding RNAs in LUAD and potential biomarkers for diagnosis and prognosis. Meanwhile, through the screening of the degree of nodes in the PPI network, subgroup analysis, the key pathways and functions and several external databases were fully taken into account; consequently reliable results were obtained, which provided a new way of thinking for the exploration of prognosis indicators. However, our study is based on bioinformatic analysis, so further experiments are needed to confirm the conclusions made here.
